A simple analytical model for the train-induced flow and its effects on pedestrians is presented in this paper. The expressions developed for the induced air velocity and pressure on the pedestrian surface, as well as their dependence with time, are obtained from unsteady potential theory. The relevant parameters and their effects are analysed, in particular the sensitivity of the pressure coefficient and its rate of change on the train and pedestrian transverse size, the distance to the tracks and the pressure measurement location on the pedestrian surface. In spite of the extreme simplicity of the model and the expressions obtained, good correlation is observed with previously existing experiments. With this work, an absence of published studies concerning analytical approaches to the problem of vehicleinduced pressure on pedestrians is intended to be covered, allowing for simplified testing procedures.
Introduction
High-speed trains are becoming a popular means of transportation for offering a convenient connection between business centres and even touristic locations. However, there is still an open issue concerning passenger safety and comfort inside train stations. In particular, the air flows induced by passing trains on pedestrians waiting on platforms can be as severe as those occurring in storms, and therefore dangerous when not unpleasant.
The relevant factors governing how people feel the effects of wind have originated detailed studies for decades [1] [2] [3] . Most of the criteria developed for pedestrian comfort are based on probabilistic procedures that are not directly applicable to vehicle-induced flow. However, it is widely accepted that pressure rates of change and gradients such as those induced by gusts, play a relevant role in pedestrian safety and comfort [4, 5] .
Concerning train-generated air flows, there are a significant amount of studies on train motion in tunnels, the compression wave generated in the tunnel, the booming noise when the compression wave reaches the end of the tunnel, and the effect on the aerodynamic drag of the train [6] [7] [8] , but there is a lack of systematic studies concerning the effect on the pedestrian standing on the train station platform.
In this paper, a simple model to explain this effect is presented. It provides a grasp of the physical concepts playing a role in the process as well as the parameters involved. The solution presented for simplified train and pedestrian models is based on unsteady incompressible potential flow theory. This solution has been compared to experimental data [9] . In spite of the simplicity of the model and the solution obtained, as well as the uncertainty of the parameters, surprisingly good correlation has been obtained, bearing good expectations for the future development of tests.
Problem definition
As a train passes through a train station, it generates air motion that can be unpleasant and even dangerous to the pedestrians.
The train speed in this situation can reach 150km/h, which is low enough to consider the fluid motion as incompressible. The fluid motion as seen by an observer placed in the train can be considered as steady, but for an observer placed at the station the fluid flow is unsteady and can be regarded as a gust. This unsteady flow can generate large loads on the obstacles (e.g. pedestrians) placed on the platforms.
In a first step, the flow field in the train reference frame is described by using a potential axisymmetric model when the train is moving at constant speed, U cx> . Afterwards, the unsteady flow field seen by an observer placed at the train station is obtained by a coordinate transformation.
Then, the stagnation pressure on a point placed on a body (representative of the pedestrian) is obtained.
Let us consider the surface of the train body as the upper half of an axisymmetric body which is obtained in a potential incompressible flow by superposition of a uniform, steady, incident flow with speed Uoo and a constant flow rate source, Q, as shown in Fig. 1 .
The station platform is represented by the (x,y) plane. The source flow rate, Q, is obtained by using the mass conservation at great distance downstream of the source where the flow speed is close to Uoo '• Q = nr
where r t is the radius of the train's circular cross-section. The velocity field is axisymmetric around the x-axis. Let us assume that there is a velocity potential q> from which the speed components can be derived:
where u and w are the longitudinal and radial components, respectively, and the radial coordinate r Vr
The velocity field, according to the above assumptions, is given by the following expressions:
This velocity field, in a reference frame that is fixed to the station platform (axes X, Y,Z), denoted as (U, W), is a non-steady one, and it is obtained by using the following reference frame transformation (remember that the origin of reference system x,y,z moves with speed -U cx> i with regard to the axes X, Y,Z):
which leads to the following expressions: (4) This is the speed seen by a pedestrian standing still on the platform at a point (X, Y). Let us represent this pedestrian as a cylinder of circular cross-section, with radius r p , under an impinging speed V v (t), as shown in Fig. 2 . As r p is much smaller than the cylinder length (the pedestrian height), we assume the velocity field around the cylinder as two-dimensional. The pedestrian reference system is defined as shown in the figure. The X'-axis is aligned with the train path and the impinging speed forms an angle a with it.
Let us assume that the flow field around the cylinder is derived from an unsteady potential function <f>(X', Y', t). As V v = V v (t) is a function of time, the pressure distribution on the surface can be obtained by using the Bernoulli equation for potential unsteady incompressible flow:
where the right-hand side is a time dependent uniform term that is trivially obtained from a proper treatment of the boundary conditions. From Eq. (5) expression for the pressure coefficient on the cylinder, referred to the train speed U (XJ , is given by
The velocity potential on the cylinder, </ >, in which time is treated as a parameter coming from the expressions of both V v and the incidence angle a, is given by
In the particular case of the stagnation point Ps (#p s = it + a(0), the fluid velocity is zero and therefore:
Here the air speed V v = V v (t) should be evaluated at the location of the pedestrian, assuming that the effect of the cylinder on the impinging flow is negligible, except when very close to the cylinder. Then, from Eq. (4) The variation with time, T, of the pressure coefficient, c p , at the stagnation point is shown in Fig. 3 , in which T<0 represents the time interval before the passing of the moving reference frame origin (where the source is placed) across the plane X = 0 (where the pedestrian is placed).
Comparison with experiments
The availability of experimental data about pressure induced on pedestrians by moving objects is very limited in the literature. The results in [9] include pressure measurements on pedestrians induced by high-speed trains passing along station platforms. These tests have been performed on a 1:50 scale train model moved impulsively by means of a pneumatic cylinder and measuring pressure as a function of time on a plate resembling the pedestrian. However, very scarce information about test set-up, conditions and results is presented in that paper.
Experiments measuring the loads induced on an overhead highway sign structure by vehicle-induced gusts are presented in [10] . No attempt has been made to compare quantitatively these results with the model because the parameters of this experimental configuration are very far from the assumptions made in the derivation of the model (the size of the sign is not small compared with the size of the truck that induces the load, the truck has a very bluff nose and the length is very short, making difficult its representation by just one or two sources, etc.). However, qualitatively the curves of the time variation of the pressure have a shape that is similar to the one shown in Fig. 3 (up to the point where data are comparable, i.e., excluding structural response and base-flow phenomena).
In this section the theoretical model developed above is used to correlate the mentioned test data in [9] . However, it is difficult to derive all the parameters required from the information supplied in [9] . For this reason, some assumptions and approximate data fitting have been carried out, explained below, and hence the following parameter values are used hereafter in order to compare with the experimental data: r p = 0.18m, r t = 1.46m, r b = 1.69m.
These values should be understood as the result of adjusting the theoretical model in order to qualitatively capture the behaviour of the measured data. An accurate correlation is not intended, although surprisingly good results are obtained. The relevant finding is the reproduction of the initial pressure rise followed by a suction peak with a steep drop in between, which are the main characteristics of the load exerted on the pedestrian. Obviously, a detailed model of the train and pedestrian shapes would give better results, especially for the pressure peak values.
Furthermore, the dimensionless time employed in the above-mentioned experiments is tUg X
where X is referred in [9] as "the influence length of the pressure wave". A value of 2 = 0.2 m is given for the full-scale problem. In order to compare the full-scale analytical model and the 1:50 test-scale data, the following time-scale transformation has been used:
where the superscript t stands for test data, U l cx> =14m/s and X 1 = 0.2/50 m. The correlation result is shown in Fig. 4 , in which the pressure coefficient at three fixed points on the circular cylinder, together with the stagnation point, compare rather well with the experimental data, except for the initial pressure rise.
It has to be mentioned that the pressure measurements have been obtained at a single location on a plate of unknown size, representing the pedestrian, placed at an unknown distance to the train path. 
where the first quotient comes from the time-scale transformation. In Fig. 4 the initial time for analytical curves has been offset to capture the instant of train passage with the test data for a certain location on the cylinder. Using the assumed parameters we obtain at the stagnation point during train passage dc p /dx = -1.4 x 10~3 by means of Eq. (14), while -1.8 x 10~3 is reported in [9] . This pressure rate of change, however, is much better obtained at locations other than the stagnation point, as for example point C in Fig. 4 , for which dc p /dx is the same as for the test data. The high variability of pressure response is a consequence of the sensitivity of pressure output upon the measurement location and even the shape of the cylinder cross-section. Therefore, future experiments should take this consideration into account.
It should be noted in (13) that the pressure rate decreases quickly with the distance from the pedestrian to the train axis as y p 3 , and increases with the train cross-section area ir\%jT) and with the pedestrian size (r p ).
Conclusions
The model presented in this paper is just a simple estimation exercise in order to show the relevant parameters and physical phenomena involved in the assessment of pressure loads on pedestrians induced by trains or similar vehicles. In this way, the design of future experiments can be improved.
The analytical expressions developed are based on unsteady potential theory, modelling the train by a 2-D or 3-D source moving along a straight path, and the pedestrian by a circular cylinder on which the train-induced flow impinges with an angle varying with time.
Very limited information has been found in the literature. Moreover, the available test data are provided without the necessary details for performing a proper correlation. Therefore, some of the parameters have been assessed and others have been deduced from approximate fitting. However, in spite of the simplicity of the model and the uncertainty of the parameters, surprisingly good correlation has been obtained. This concerns pressure levels and their evolution with time, except for the initial pressure rise, which may be affected by the particular design of the train head. In particular, good agreement between experiments and model is achieved for the dependency of the pressure rate of change on the distance to the train path, y v , which is observed to behave as y One of the results obtained from the model is the sensitivity of the pressure load upon the measurement location on the pedestrian surface. This geometrical parameter, as well as the passenger cross-section, should be considered for future tests, not only the distance to the tracks or the train size. Furthermore, using this model it may also be possible to simplify the test procedure by keeping the train fixed in a wind tunnel and performing velocity measurements at different locations along a parallel line. Afterwards, the unsteady load on the real-scale passenger can be estimated by the reference frame and time-scale transformations given in this paper.
